The results of fifteen rocket measurements of neutral wind profiles, the ionospheric electric field and electron density at mid-latitudes are compared with the predictions of the dynamo theory of mid-latitude ionospheric currents (Sq) and the measurements of the ground-level magnetic perturbation. In daytime, the computed ionospheric currents agree well with both ground-level magnetic observations and Sq models, while the electric field structure is consistent with a dynamo source of such fields, although the field amplitude appears to be about 5000 of that predicted by models such as those of STENING (1973) . At twilight there is a generally poorer agreement between the calculated currents and those indicated by magnetometers and by Sq models, probably due to difficulties of determining a precise magnetic baseline corresponding to zero electric current. At night, the wind system is occasionally strong enough to drive currents of 5 to 10 amps km-1 unless these are opposed by locally-induced, polarization electric fields of the order of 5 to 10mVm-1. Such fields may be readily induced, at mid-latitudes, by the high-speed, night-time wind systems set up by high latitude energetic processes during geomagnetic substorms, without requiring a direct penetration of magnetospheric, convective fields to low magnetic latitudes.
Introduction
In 1882 Balfour Stewart suggested that the regular mid-latitude magnetic variation observed on geomagnetically quiet days might be due to electric currents flowing in the upper atmosphere, which were driven by the dynamo action of the neutral winds. This initial concept, in advance of the discovery of the ionosphere by radio techniques, was later developed by CHAPMAN and BARTELS (1940) , when a more precise formulation of the dynamo mechanism was obtained. Subsequently, the rate of progress has become more rapid, global models of the Sq equivalent current system being used by MAEDA (1955) and KATO (1956) to deduce the nature of the global, diurnal wind pattern responsible for the currents-via the dynamo mechanism. That winds of comparable magnitude existed in the dynamo region was verified by direct measurement using chemical releases between 1958 and 1960 and, subsequent to refinements of the dynamo theory (BAKER and MARTYN, 1953; FEJER, 1965; BURROWS and HALL, 1965 and DAVIES et al., 1966) , provided the first 268 D. BEES direct evidence from a rocket-borne magnetometer for the actual existence of the Sq current layer.
Theoretical modelling of the Sq current system, and its relationship with the tidal wind field of the lower thermosphere was put onto a sounder basis when STENING (1969 STENING ( , 1970 , TARPLEY (1970) and MATSUSHITA and TARPLEY (1970) showed that the evanescent diurnal tidal mode (1, -2) had a suitable diurnal, latitudinal and height structure to explain readily the global Sq equivalent current including (STENING, 1973 ) the regional and seasonal variations of the Sq system. Further refinements, including the use of more realistic tidal wind models based on recent experimental data, have been made by RICHMOND et al. (1976) and FORBES and LINDZEN (1976) . These latest models have been reasonably successful at explaining many of the features of the Sq current system, including its height structure, latitudinal and local time dependence, in a way consistent with the available knowledge of tidal wind fields, the global conductivity, and the limited data available in the structure of the mid-latitude ionospheric electric field.
Progress with direct experimental investigations of the Sq current system has been, by comparison, rather unspectacular. Despite the direct corroboration of the current layer's existence (BURROWS and HALL, 1965) , it has proved to be very difficult to measure simultaneously all the necessary atmospheric and ionospheric parameters needed to demonstrate that a rather simple concept-Ohm's Law-does, in fact, hold true for the ionospheric current system.
The two most elusive parameters in this quest have proved to be the determination of the daytime structure of the neutral wind and of the ionospheric electric field. In both cases, the requirement is not only that they are measured, but that they are measured with enough accuracy (say 16 of 5 or 10ms-1 for the wind and 16 of 0.5mVm-1 for the electric field, while, over the altitude range 90 to about 170 km, the wind structure needs to be obtained with an altitude accuracy and resolution of about 2km and 5km respectively) if significant errors of the electric current density and height-integrated current are to be avoided.
Two experimental techniques have been developed which are able to measure the parameters of electric field (or plasma drift velocity) and the neutral wind vector, over the appropriate altitude range. The incoherent scatter technique (Thompson scatter) measures the ion drift velocity vector as a function of altitude. Measurements above about 200km altitude may be used (EVANS, 1972; BLANC et al., 1977) to obtain the electric field. The field-aligned ion drift speed may be used in conjunction with a theoretical model of the ion diffusion velocity to derive the meridional wind. From the perpendicular ion drift as a function of altitude, the zonal wind may be obtained in conjunction with a model of the ion-neutral collision frequency, and over the limited altitude range 90 to 120 or 130km. At the upper end of this range, the deduced zonal wind component is extremely sensitive to the value of ionneutral collision frequency (BREKKE et al., 1973; BREKKE, 1976; HARPER, 1977a) .
Significant contributions to the study of atmospheric tides, which are still expected to be a most significant factor in the driving force of the Sq system, have been made by SALAH et al. (1975) and by AMAYENC (1974) , from the respective incoherent scatter systems at Millstone Hill (424'N, 715'W) and St. Santin (4437'N, 212'E) . Recently HARPER (1977a, b) has discussed both tidal winds and the Sq current system on the basis of data obtained by the incoherent scatter system at Arecibo (182'N, 6645'W). The results of Harper's studies will be used extensively for comparison in this paper.
The daytime wind data used here as a basis for computing the structure of the Sq current system is derived from rocket-borne chemical releases of lithium, observed by means of ground-based, narrow-band photometers (BEST, 1970; LLOYD et al., 1972; REES et al., 1979) . Seven daytime neutral wind profiles are, in total, available, which have been used, with model values of the ionospheric electric field, to calculate the local ionospheric current density.
In addition, there are six occasions when both the neutral wind profile and the ionospheric electric field were measured at local twilight. These thirteen current profiles, obtained at times when significant ionospheric currents were expected to be flowing, are compared with the observations from local ground-based magnetometers.
Two night-time profiles, obtained when strong neutral winds existed throughout the dynamo region, have also been used, with model electric field values, to calculate the ionospheric current at a time when it would be expected that the ionospheric current density would be rather small.
Calculation of the Ionospheric Current Density
Formulation of the equations relating the ionospheric current density to the neutral wind velocity, ionospheric electric field and electrical conductivity has been carried out by a number of workers (BAKER and MARTYN, 1953; FEJER, 1965) . The assumption that the vertical current is inhibited, that is that J-0, is not necessarily perfect (MAEDA and MURATA, 1965) but has been used by the majority of investigators (RISHBETH and GARRIOTT, 1969; REES et al., 1973; HARPER, 1977a) , and allows the ionospheric current to be calculated on a layer to layer basis. Then:
where 6P, 6H are respectively the Pedersen and Hall conductivities, U(Ux, Uy) is the neutral wind vector E(EX, E) is the ionospheric electric field B is the magnetic field strength I is the magnetic dip angle, being positive in the northern hemisphere. In this convention x is positive southward, y positive eastward and z positive upward.
For consistency with previous, related current density calculations, (BEES et al., 1973 (BEES et al., , 1976 BEES and MAYNARD, 1980) , which are included in the present discussion, the various parameters in Eqs. (1) and (2) are defined according to REES et al. (1973) . Thus values for the various collision frequencies vin, ven, vei are used which are now rather out of date (HARPER, 1977a) . We estimate, however, that for our particular application, the major difference will be in the absolute magnitude of the current and that, compared with the use of Harper's parameters, an error of less than 20% has been incurred. The vector direction of the height-integrated current will change by less than 5%. Model (LIRA '72) atmospheric data is used throughout, as there is no experimental basis for obtaining significantly better data on neutral or ionospheric composition, density or temperature structure.
Compared with current calculations based on incoherent scatter data, there are two key parameters which are not measured consistently throughout the data sets used here:
1) The electron density is based on rocket-borne measurements; in three cases Faraday rotation measurements were available at times very close to those when the wind measurements were made. On most other occasions, Langmuir Probe data or Retarding Potential Analyser data has been used either from instruments on board the rocket payload, which also provided the wind measurement, or from a second rocket launched within a few minutes of the time of the wind measurement. It has been necessary to scale the electron density profile data thus produced on two occasions since a near-by ionosonde produced a significantly greater E-region peak density than that of the Langmuir probe. When no rocket-borne data were available, the data from a local ionosonde were used (REFS et al., 1973) , the detailed profile being calculated using a standard inversion technique. Conductivities calculated by the last method are likely to be uncertain by as much as 25%, although it is probable that, again, the direction of the height-integrated current is unlikely to be changed by more than about 5 degrees. In the other cases, the probable error is 10% to 15%, comparable to that of the incoherent scatter technique throughout the E and F region.
2) The electric field vector has not been measured during every experiment reported here. During each of the twilight experiments the drift of Barium ion clouds was used to determine, rather precisely, the ionospheric electric field (HAERENDEL et al., 1967) . On one other occasion, a double probe electric field instrument was flown (REES and MAYNARD, 1980) again to obtain a precise value for the high latitude electric field. On all the remaining occasions and, unfortunately, this includes all except one of the daytime experiments, the ionospheric electric field has had to be modelled. REES and MAYNARD (1980) , in evaluating the electric field and current data obtained by rocket probes during the 24-hour ALADDIN '74 project at Wallops Island (75E, 38N Geog., 48N Geomagn.) deduced that STENING's (1973) model of the mid-latitude dynamo field gave a good indication of the direction of the electric field vector as a function of time, but that it over-estimated the magnitude of the field by a factor of two.
This ad hoc modification of Stening's model was also found to be in significant agreement with other available mid-latitude measurements of the ionospheric electric field, from both twilight Barium cloud releases and from incoherent scatter data. With the caveat that the model may be a better, representation of the average conditions than the instantaneous field, and that there is really rather a small amount of critical data for comparison with STENING's (1973) model, this ad hoc modification of Stening's model will also be used here as the basis for completing the data set required to calculate the ionospheric current.
There are two advantages provided by the chemical release data over the incoherent scatter technique.
Firstly, the neutral wind data are obtained throughout 24 hours and with a height range and resolution which covers the limits of significant electrodynamic action; 90 to 200km, assuming only that the apogee of the rocket is high enough.
The wind measurement accuracy, 5ms-1 in magnitude and 1km in altitude, is also such that any errors make an insignificant effect on the magnitude and direction of the height-integrated current vector. Secondly, it is possible to report measurements from three different latitudes and geographical regions, thus widening the significance of the results.
The Experimental Data
With the use of model data for the ionospheric electric field on the occasions when no direct measurement is available, it has been possible to calculate ionospheric (ii) Woomera 13631'E, 3057'S Geog., 45S Geomagn.
(iii) Spain 644'W, 3706'N Geog. current profiles on a total of fifteen occasions (Table 1) . Of these, 5 experiments were carried out at Woomera (13631'E, 3057'S Geog., 45S Geomagn.). Two of these were during daytime and the remainder in twilight (REES et al., 1973 (REES et al., , 1976 . Seven launches occured during the ALADDIN 74 project (REES and MAYNARD, 1980) at Wallops Island, of which three were during daytime, and a further three, of which two were during daytime, were carried out at El Arenosillo, Spain (3706'N, 644'W) (REES et al., 1979) Electric current profiles have been calculated from the data obtained on each of these occasions, firstly using the neutral wind data above and, secondly, by including the measured (5 occasions) or modelled (8 occasions) electric field. On the last occasion, the electric field and conductivity were available, but the wind was not measured and, on this occasion, a neutral wind profile has been calculated using the tidal model data of FORBES and LINDZEN (1976) . These calculated current density profiles (smoothed to an altitude resolution of 2.5km) are shown in Fig. 1 (a-o) . The current scale has been changed where necessary to show the details of night-time and twilight current density profiles more clearly. For the daytime experiments, where there are no direct measurements of the ionospheric electric field, the current density, calculated using the wind data only, is also shown.
From these current density profiles the height-integrated currents have been calculated, and these are shown in Table 2 with an accompanying summary of the data used in the calculations.
The Daytime Current Structure
The detailed current profiles show a number of general features which have been suggested by recent theoretical (FORBES and LINDZEN, 1976) and experimental (HARPER, 1977a) investigations into Sq current structure.
Firstly, it is only rarely that the current flows predominantly in one direction at all altitudes of significant electrodynamic action, and this conclusion is true whether or not the modelled electric field is included in the calculations (STENING's (1973) model with amplitude halved). On many occasions large amplitude currents are flowing in opposing directions at different altitudes and thus partially cancel, so that the anticipated integrated effect at ground level would be small.
Peak current densities in the zonal direction, as would be detectable by a rocketborne rubidium vapour magnetometer, for example, are usually between 110 and 120km altitude near the peak of the Hall conductivity. There are three examples, however, when the meridional current, which would not be detected by a (scalar) rocket-borne rubidium vapour magnetometer, peaks near, or above, 130km-that is near, or even above, the peak of the Pedersen conductivity (125km), rather than near the peak of the Hall conductivity (115km). It should be stressed that when the peak currents are other than near the peak of the Hall conductivity, the electrodynamic action of combined wind and electric field is responsible, since the peak Hall conductivity for all these measurements is approximately a factor of two greater than the peak Pedersen conductivity.
Significant currents flow up to altitudes of at least 170 or 180km during all our daytime measurements-indicating that FORBES and LINDZEN (1976) were correct in raising the upper altitude limit of their current integration above 150km. Above 150km, the total current is inadequate to change the sense of the current flow, but because of the partial cancellation, which may occur at lower altitudes due to the complex wind structure, the height-integrated current amplitude may frequently be changed by +25%.
The important questions which may be investigated from the data are as follows: Firstly, do these data correlate with the corresponding simultaneous ground-based magnetic variation. Secondly, does the data sample offer any evidence to support or reject the working hypothesis that STENING's (1973) electric field model, with amplitude halved, provides an acceptable basis for inclusion of the ionospheric electric field in these calculations of the current density.
To examine both of these questions, a correlation of the height-integrated current component with the respective ground-based magnetometer variation has been made [Jx with +dy and Jy with -Ax respectively]. These data are shown in Fig.  2(a) and (b) .
While there is considerable scatter shown in these graphs, the respective components are, in fact, quite significantly correlated. The magnetic variations which are used in these correlations are derived from the monthly mean magnetograms for the period of each experiment, and from a local magnetometer. The reason for using these mean magnetograms, rather than the daily magnetogram is, that on a number of the seven launches, in daytime, significant uncertainty was introduced by short period irregularities attributable to auroral electrojets during geomagnetic substorms. Additionally, the interpretation of the appropriate baseline was also dubious due to variations attributable to ring current (or partial ring current) fluctuations. The monthly mean magnetograms, while sacrificing the possibility of deducing day to day variability, do, however, greatly reduce both of the uncertainties mentioned above. The zonal magnetic component has been taken with respect to the diurnal average, assuming the net meridional current is small, while the meridional component is taken with respect to the mean night-time value, assuming that the nighttime currents are, on average, small. The regression lines of each component on the other for the respective graphs are also shown.
In Fig. 3 the total magnitude of the height-integrated current i. e. (J+J)12xyIJI
is plotted against the total diurnal ground magnetic perturbation
e. (4x2+4y2)2=4B.
A least squares straight line through the origin has been fitted to Fig. 3 to obtain an estimate of the regression of IJI on IaBI.
In the case of a uniform conducting layer with uniform current density, the magnetic perturbation should be given by (CHAPMAN and BARTELS, 1940) IABI=(1)J In this expression f is a factor introduced to allow for the induction of current within the Earth by the ionospheric current, and its value is normally assumed to be about 0.6. Thus This discrepancy with the theoretical relationship above is of very similar magnitude to that found recently by HARPER (1977a). It would, however, be premature to conclude that the theory is incorrect, since a number of experimental uncertainties are convolved within this determination.
Firstly, the calculation of conductivity, allowing for theoretical uncertainties in collision frequencies and for experimental uncertainties, contributes a factor of +25% to the final result and, secondly, while errors in measurement of the wind velocity will probably contribute less than +10%, the uncertainty in the critical electric field values may well contribute as much as +30%. There are, of course, additional difficulties in obtaining the correct base line of the magnetograms and resolving the real day to day variability.
To attempt to assess the validity of the electric field model used here, the data shown in Figs. 2 and 3 have been recalculated when the ionospheric currents have been computed using two alternative assumptions, 1) that there is no systematic electric field (EE5O), x.=i.e. the only electrodynamic action is the dynamo contribution due to the neutral wind, 2) that STENING'S (1973) model should be used with his original amplitudes. In both of these cases, covering both meridional and zonal integrated currents, the correlations obtained with respective magnetic field perturbation are significantly reduced and, perhaps more significantly, the regressions of electric current over magnetic field and vice versa become systematically less meaningful.
Treating the electric field model as one of the many uncertainties, possibly the most systematically significant one (HARPER, 1977a) , these correlations lead to the conclusion that the model used here, based on that of STENING (1973) but with the ad hoc assumption that the mid-latitude amplitudes should be halved, produces, in combination with precise neutral wind data, a realistic data base for the calculation of the local ionospheric current.
The relationship between ionospheric current and ground-based magnetic perturbation cannot be fully resolved here. It does not appear that a systematic variation of the assumed E field model would significantly change the conclusion that the real magnetic effect is less than would be indicated by theory, confirming the result of HARPER (1977a) .
The correlations obtained also indicate that there is a significant dependence of the computed current on the electric field. The correlation is better for the meridional electric field and zonal electric current (r=0.81) than for the zonal electric field and meridional electric current (r=0.63). However, this partially reflects a limited distribution of zonal electric field values and therefore does not necessarily indicate a poor dependence of meridional current on the zonal field. The dependence of current on electric field, from these results, may be expressed as:
where J is measured in amps km-1 and E in mV m-1 (or Volts km-1). These values are rather larger than the values reported by HARPER (1977a); however, the difference is probably not significant. That the meridional current is rather more sensitive to the zonal field than the zonal current is to the meridional field may, however, be significant. The conclusion that Harper reaches, namely that there is essentially orthogonality between electric field and current is confirmed, while the cause of the orthogonality appears to be implicitly linked to the generation of these voltages by the dynamo wind system itself. Since the individual wind and electric field contributions are quite comparable in all cases, an arbitrary combination of wind contributions to those of the appropriate electric field would be likely to preclude the rather high correlations observed.
While the correlations of field and current tend to demonstrate that the wind profile current generating capacity and the ionospheric field are, in fact, directly related, it is beyond the scope of the available data to attempt to derive the nature of such a relationship, or to find a parameter for the current-generating capacity of the wind profiles used in this study.
Twilight and Night-Time Currents
The most complete sets of data available are those of five twilight launches, three at Woomera (BEES et al., 1973 (BEES et al., , 1976 ) and two at Wallops Island (REFS and MAYNARD, 1980) . In these cases we have accurate measurements of both the wind profile and the ionospheric electric field and, in most cases, we are also able to reconstruct a reliable electron density profile by using rocket-borne data in association with that from a ground-based ionosonde.
However, as reported previously (BEES et al., 1973 (BEES et al., , 1976 REFS and MAYNARD, 1980) , the ionospheric currents computed for these experiments in fact show a poor correlation with both the ground-level magnetic perturbations at the time of each experiment and with the monthly mean magnetic variation. While none of these experiments occurred during strongly disturbed periods, short-duration substorms made the derivation of the base-line of the local magnetograms rather difficult on several of these occasions. However, it appears that, while in the case of the daytime experiments correlations with the monthly mean magnetograms have avoided the worst of the problems of deducing base-lines in the presence of 'noise' caused by distant events in the auroral oval, this is not in fact the case for the twilight experiments.
It is also possible to compare the current vectors (Fig. 4 ) with statistical models of the equivalent current of the Sq system (MATSUSHITA, 1971) . In this case a generally better agreement is found between our vectors and the models; the morning vectors both seem to lie within about 30 of the appropriate model (USA-3J; AUST-2E), and the northern hemisphere evening vectors (Spain-2D; USA-3J) are also within 45 of the corresponding Sq vectors. The Australian (2E) calculated currents for the evening periods, however, are essentially opposing the model vectors, the same conclusion which was drawn by comparison with the local magnetogram data (REFS et al., 1973 (REFS et al., , 1976 .
Both of these sets of measurements, however, occurred during periods of relatively low geomagnetic activity, which perhaps emphasizes the discrepancy. The magnitudes of the calculated twilight currents are relatively close to those expected and are able to cause ground-based magnetic perturbations of the order of 2 to 5r.
Current density calculations for two night-time experiments are also included in this series. Both of these particular experiments occurred during a period of modest geomagnetic activity and following a series of distinct auroral substorms in the same local time sector (REFS et al., 1979) . Probably as a direct consequence of the high latitude energy and momentum input during these substorms (REFS et al., 1979) , very high wind speeds were observed at quite low altitudes (160ms-1 at 130 km) during these experiments.
Previously (CARPENTER and KIRCHOFF, 1975 ) the observation of high ionospheric drift speeds at mid-latitudes during periods of elevated geomagnetic activity has been associated with the direct penetration of the magnetospheric convection pattern at high 'L shell' values to regions of low L (L2 or 3), although no detailed model of the mechanism has yet been produced. In the cases examined here, the wind convection velocity is equivalent to a dynamo VAB electric field of between 5 and 8mVm.
These measurements were at a time of low Pedersen (and Hall) conductivity, but the very high wind speeds were observed at an altitude close to the maximum Pedersen conductivity.
In calculating the electric currents present at these times, STENING's (1973) model field (amplitude halved) has again been used. Despite the low night-time conductivities, significant currents would be driven if the electric field structure is as assumed, enough to cause 5, or even 10r ground-level perturbations. Such currents, however, are not apparent on the local magnetometer records for this night (REES D. REES and MAYNARD, 1980 ), although it is quite possible that their effect could have been masked by variation of the ring current (or partial ring current), or by the signatures of the individual auroral substorms during the nights of 29 and 30 June, 1974 .
Without a more global description of the ionospheric morphology and atmospheric dynamics than is available for this period, it is not practical to model the mid-latitude electric potential field induced by a high velocity wind system such as that observed during this period.
Two assumptions can be made to obtain an order of magnitude estimate of Eand F-region ion velocities during this period. Firstly, if the electric field was directed so as to oppose the current generated by the wind, the polarization field would need to be a very significant fraction of the dynamo field. This is because the mean height of the significant currents is, in fact, close to 140km in each of the two cases (0058 and 0230 LST). Such polarization fields would be of the order of 6 to 8mVm-1, implying ion drifts in excess of 100ms-1. Secondly, an estimate of the ion drift velocity may be made using the generalized expression for the ion velocity:
J=l1i2\+RR+R where p[=(/w)] viniis the ratio of ion and neutral collision frequency to gyro frequency U is the (vector) neutral wind velocity with components (Us, U5, U2) F is a unit vector in the direction of the earth's magnetic field (with components X, Y, Z in our Cartesian axis system) B is a scalar with magnitude of the earth's magnetic field E is the vector ionospheric electrostatic field with components (Ex, E5, Ez). With the assumption E=0, i. e. there is neither an external electric field nor a wind-induced polarization field and, using the neutral wind profiles obtained at 0058 and 0230 ST on 30 June, 1974 (BEES et al., 1979 , ion velocities, near the peak of the Pedersen conductivity, 125 to 130km, are again of the order of 100ms-1.
In both of these cases, which refer to quite opposing conclusions regarding the ability of the wind system to polarize the E-and F-region ionosphere, ion drift velocities of the order of 100ms-1 or more are found, corresponding to electric fields of the order of 5mVm1.
Such fields bear a close resemblance to that required by the hypothesized midlatitude 'direct penetration' of E fields. In this case, however, the winds are directly responsible, by well-understood mechanisms, and no hypothetical penetration of magnetospheric fields is required. On those occasions neither the level of geomagnetic activity nor the neutral wind itself was particularly strong. There are good reasons to believe that, following stronger disturbances, considerably higher wind speeds might be observed over the altitude range 120-300km than were observed during the ALADDIN project.
A source of the high E-and F-region mid-latitude drift velocities after substorms has been suggested. There is, of course, a residual problem, namely why such fields do not appear to be seen systematically by E-field experiments flown on orbiting spacecraft such as OGO VI (HEPPNER, 1972) . Two hypotheses are plausible. First, the sensitivity of previous E-field probe instruments in orbit has been severely limited by the quality of attitude measurement to about 5mVm-1 absolute, close to the upper limit of the mid-latitude fields required and much less than the 20-100mV m-1 fields frequently seen in the auroral oval and polar cap. Secondly, it is also quite possible that the ion drift velocity and E field which are relevant at altitudes above 300 to 400km, and throughout the plasmasphere, may be quite different, because of the low Pedersen conductivity, from those at 150km or below 200km. Polarization mechanisms have been described in relation to the motion of Barium ion clouds by HAERENDEL et al. (1967) and more generally by RISHBETH (1972) , which could effectively decouple the 'top-side' and plasmasphere drifts and fields from those at lower altitudes.
Conclusions
This study has, in general, confirmed that the neutral wind system in the ionosphere is likely to be the major source of the mid-latitude ionospheric electric field, via the dynamo mechanism, and that the wind and electric field are together (and about equally) responsible for the ionospheric current system present in daytime the ionospheric S'q current system. At twilight and at night-time, the cause of groundlevel magnetic changes is less clearly due to the overhead current. The ambiguities arising from determination of the appropriate magnetic base-line and due to distant time-varying sources, such as auroral substorms and the ring current or partial ring current, are likely to be responsible.
The most appropriate mid-latitude E-field model appears to be that of STENING (1973) , although an ad hoc modification of this model, to half the amplitude, appears to be necessary to fit daytime and twilight E-field observations, and also to obtain the most significant correlations and regressions between ionospheric currents and ground-level magnetic perturbations.
While ionospheric electric fields and currents appear to be orthogonal, agreeing with previous experimental and theoretical studies, the ground-level magnetic effect is rather smaller (about 60%) than that indicated by theory. The cause of this discrepancy-ionospheric conductivity, small-scale ionospheric variations, incorrect model of earth-current induction-is not, however, apparent.
Following significant geomagnetic substorm activity in the night-time sector, the large neutral wind velocities thus induced at mid-latitudes by high latitude energy and momentum deposition probably cause ion drifts of the order of 100ms-1 and larger, well within the plasmapause. Such wind-induced ion drifts, corresponding to electric fields of the order of 5 to 10mVm-1, may have been previously interpreted as being due to the direct penetration of magnetospheric convection fields within the plasmapause.
